The Great Lakes basin is of radiologic interest due to the large population within its boundaries that may be exposed to various sources of ionizing radiation. Specific radionuclides of interest in the basin arising from natural and artificial sources include 3H, 14C, 90Sr, 1291, 1311, 137Cs, 222Rn, 226Ra, 235U, 238U, 239Pu, and 241Am. The greatest contribution to total radiation exposure is the natural background radiation that provides an average dose of about 2.6 mSvtyear to all basin residents. Global fallout from atmospheric nuclear weapons tests conducted before 1963 has resulted in the largest input of anthropogenic radioactivity into the lakes. Of increasing importance is the radionuclide input from the various components of the nuclear fuel cycle. Although the dose from these activities is currently very low, it is expected to increase if there is continued growth of the nuclear industry. In spite of strict regulations on design and operation of nuclear power facilities, the potential exists for a serious accident as a result of the large inventories of radionuclides contained in the reactor cores; however, these risks are several orders of magnitude less than the risks from other natural and man-made hazards. An area of major priority over the next few decades will be the management of the substantial amounts of radioactive waste generated by nuclear fuel cycle activities. Based on derived risk coefficients, the theoretical incidence of fatal and weighted nonfatal cancers and hereditary defects in the basin's population, attributable to 50 years of exposure to natural background radiation, is conservatively estimated to be of the order of 3.4x 105 cases. The total number of attributable health effects to the year 2050 from fallout radionuclides in the Great Lakes basin is of the order of 5.0x 103. In contrast, estimates of attributable health effects from 50 years of exposure to current nuclear fuel cycle effluent in the basin are of the order of 2 x 1 2. Although these are hypothetical risks, they show that the radiologic impact of man-made sources is very small compared to the effects of normal background radiation. Environ Health Perspect 1 03(Suppl 9): 89-101 (1995) 
are well below levels that would result in immediate harm.
The Great Lakes basin is an area of radiologic interest due to both actual and potential exposures that may be received by its large population. Comprising one of the world's largest sources of freshwater and supporting a population of over 36 million residents, the basin is unique in that it contains nearly all components of the nuclear fuel cycle, from uranium mining to radioactive waste management, as shown in Figure 1 (1,2). There are presently 16 operational nuclear generating stations located on the shores of Lakes Huron, Michigan, Erie, and Ontario, with a total installed electrical generating capacity of 27,000 megawatts (MW). As a result of the large inventories of radioactive material at these facilities, there is a potential for a significant accidental release of radionuclides into the environment.
Introduction
Before 1942, human exposure to ionizing radiation was limited to natural radioactivity and medical diagnosis. In December 1942, the first controlled, self-sustaining nuclear chain reaction was achieved, followed in July 1945 by the first successful test of an atomic bomb. Since then, the uses of nuclear energy have become more diverse and widespread, encompassing medical diagnosis and treatment, nuclear power, and consumer and industrial applications. These applications, however, release radioactivity into the global ecosystem and have added to the levels of existing natural radiation, provoking concern over the possible health effects associated with increased radiation exposure.
Radionuclides present in the biosphere, whether natural or artificial in origin, ultimately result in irradiation of human populations. The biologic consequences of ionizing radiation exposure involve tissue damage and can cause immediate physiologic harm within a few days or weeks following a large, acute individual dose or delayed effects, the most important of which is the development of various cancers after an extended latent period following low, chronic exposures. Doses received from natural radioactivity and routine exposures from regulated practices Sources Natul Radioactivity By far, the greatest contribution to the average public radiation exposure comes from radioactive elements in the earth's crust and from cosmic radiation originating in deep space. Natural sources contribute on average more than 98% of the human radiation dose, excluding medical exposures (3) . The global average dose from natural sources as estimated by the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) (4) is about 2.4 mSv/year, which can be compared with the National Council on Radiation Protection and Measurements estimate of 2.6 mSv/year for Canada (5) . Exposure is both external, from direct cosmic and terrestrial radiation, and internal, from inhalation and ingestion of terrestrial and cosmogenic radionuclides found in air, water, food, and soil.
Terrestrial radiation exposure originates from the primordial radionuclides, whose half-lives are comparable to the age of the earth, and the secondary radionuclides produced by their radioactive decay. The naturally occurring radionuclides include mainly 40K, and the three radioactive decay chains originating with 238U, 232Th, and 235U. These radionuclides are ubiquitously present in low concentrations in soil and water as a result of weathering and erosion of rock. The isotopic abundance of 40K in natural potassium is only about 0.012%, but because potassium is widespread and is taken into the body as an essential element, it contributes on average about one-tenth of the internal dose from natural radiation (4) . Another major exposure pathway to natural radiation results from the decay of 226Ra in the 238U series. This decay results in the formation of gaseous 222Rn, which can enter the atmosphere through emanation from soil and building materials. The principal sources of internal exposure, and a major component of total background radiation exposure, are the rapidly decaying radionuclides formed as a result of successive decays of 222Rn. Exposure occurs when these radionuclides, namely 218po, 214Pb, 214Bi, and 214po, are inhaled and retained in the lungs. Additional but minor contributions to exposure come from the remaining nonseries primordial radionuclides, primarily 87Rb (5) , and cosmogenic radionuclides produced in the atmosphere by the interaction of cosmic rays with atmospheric argon, oxygen, and nitrogen. Cosmogenic radionuclides reach the earth through atmospheric mixing, precipitation scavenging, and gravitational settling; exposures result primarily from ingestion and are relatively constant throughout the world. The four radionuclides that contribute a measurable dose to humans are 14C, 3H, 22Na, and 7Be, on the order of 12 pSv annually, but the greatest contribution to this dose is from 14C since it is a relatively long-lived radionuclide and a major constituent in body tissue (4) .
The annual average contribution due to all internally deposited radionuclides is approximately 1.6 mSv, of which about 1.1 mSv results from the inhaled radon decay products. Actual individual exposures to background radioactivity in air, food, and water are, however, highly variable and depend on numerous factors including the amount, type, and availability of the radionuclide in the environment and the amount inhaled or ingested by the individual. Average exposure of the population in Canada and the United States from various sources of natural radiation is provided in Table 1 (2) using deposition flux at mid-basin location for each lake using New York City data and adjusting for latitude. Ontario have been decommissioned, the majority of which have been revegetated or reclaimed (8) .
Milling facilities receive mined uranium ores for conversion into U308 (yellowcake) concentrate for further processing. More than 95% of the uranium is removed in the milling process, along with approximately 10 to 15% of the radioactive material; the remaining 85 to 90% remains with the ore tailings as a long-term source of 226Ra and 222Rn gas (9) . The long half-life of 226Ra (1600 years) maintains the production of 222Rn for thousands of years. Tailings piles are a potential source of radioactive contamination due to emanation of 222Rn and to dispersion of the tailings by wind and water, which is determined by the degree of stabilization of the pile and the waste management procedures implemented. period of growth in the nuclear industry was followed in the mid-1970s by a significant slowdown in the installation of ant radionu-additional nuclear capacity as a result of Lctivities. In rising costs, environmental concern, and mill wastes public pressure. There are presently 16 tct on local operational nuclear generating stations despite their located on the shores of Lakes Michigan, ns. Between Huron, Erie, and Ontario consisting of 36 1.2x 108 m3 pressurized and boiling water reactors re generated (Table 3) . Of the 27,000 MW of electrical croft areas. generating capacity installed in the basin, duction rate just over 50% is generated in Canada. onstant, these Nuclear power generation results in the )ntain about formation of artificial radioactive fission of 226Ra in products within the fuel and the activation at a concen-of stable elements in the structural material (8) . Radon and coolant circuit. Although the fission at a rate of product inventory is substantially larger stimates for than the inventory of activation products, the United the former is retained in the fuel core and from liquid effluent releases from nuclear installations are given in Table 2 (2). A comparison of inventories shows that the contribution due to fallout is significantly greater than that from nuclear power installations. The relative contribution due to continued reactor operations can be expected to increase as the remaining fallout radionuclides decay.
Nuclear Fuel Waste Management. The final step in the nuclear fuel cycle is the management and disposal of radioactive wastes, some of which have extremely long half-lives. Wastes generated in the fuel cycle fall into the broad categories of high-level radioactive wastes, which comprise mainly unprocessed spent reactor fuel, and lowlevel radioactive wastes that comprise most other operational wastes. Whereas liquid and gaseous effluent may be released to the environment in a controlled manner, solid wastes are stored either at the facilities or in licensed waste consolidation areas. All spent fuel is currently stored at the reactor sites.
Radioactive waste management options are determined by the type and origin of the waste and are subject to regulatory, technical, and sociopolitical considerations.
Nuclear power plant wastes consist of activation products in the coolant and structural materials, low-level solid and liquid wastes produced through reactor maintenance, and high-level spent reactor fuel and irradiated reactor components. Low-level wastes include in-reactor components, filter media, ion-exchange resins, contaminated clothing and tools, and laboratory wastes. All low-level wastes produced by Canadian reactors, or resulting from research and maintenance, are stored at the Bruce Nuclear Power Development on Lake Huron. Low-level wastes generated by American reactors are transferred to federally licensed sites for nearsurface land disposal. Table 4 lists the quantities of radioactive waste associated with a single year of operation of a typical nuclear generating station (4, 13) .
By far, the largest quantity of radioactivity produced in the fuel cycle is contained within the irradiated fuel, which accounts for over 99% of the radioactivity produced during reactor operations. At discharge each fuel bundle contains approximately 107 to 108 -EBq of radioactiVity (13) , most of which decays away within the first 1000
Environmental Health Perspectives * Vol 103, Supplement 9 * December 995 years, primarily due to the disintegration of 90Sr, 137Cs, and other fission products. Some actinides such as 238Pu also decay significantly during this time (14) . A typical 2000 MW capacity CANDU station produces about 350 tons of spent fuel each year as high-level waste (13) . Spent reactor fuel is stored on site in water-filled containment pools with capacities for 5 to 10 years of irradiated fuel production. As the used fuel bays are filled, older spent fuel is moved to on-site dry storage containment.
The basic concept for the permanent disposal of high-level radioactive wastes is the containment and isolation of the material by burial in stable, underground formations. These formations would provide a natural barrier to the release of radioactivity, which would be further inhibited by solidification or vitrification of the waste before placement in the repository. The deep geologic waste disposal concept proposed by Atomic Energy of Canada Limited for Canadian high-level wastes is currently in the process of environmental assessment (15) . Both the Canadian and Ontario governments have opted to delay site selection until after the approval of the disposal concept. Any future repository will likely be located in the Canadian Shield and possibly in the basin.
Incidental Sources and Low-level Wastes
The most significant source of radioactive wastes in the basin is the nudear fuel cycle; however, many non-fuel cycle facilities, principally hospitals, universities, government laboratories, and industry, have been licensed to use radionudides. The low activities and short half-lives of the radionudides employed generally permit disposal through dilution and discharge into municipal sewer systems. Solid wastes are disposed of at lowlevel burial sites. Studies carried out to assess the relevance of these sources showed that the majority of radionuclides contained in sewer discharge were from natural or fallout origin (16) . Medical and industrial discharges of radionudides to municipal sewer systems from licensed facilities have little impact on the basin.
Certain technologies and industrial processes make naturally occurring radionuclides more accessible to the environment. The combustion of fossil fuels, such as coal for electric power generation, releases 238U and 232Th decay series radionuclides and 40K in fly ash. Normal environmental levels of uranium and thorium are sufficiently high that changes due to emissions from coal-fired power plants are barely detectable (10) . A study of emissions from a thermal generating station in southern Ontario revealed that atmospheric releases of radionuclides were insignificant compared to routine emissions from a nuclear generating station of similar capacity (17) . Phosphate ores used in fertilizers may also release small quantities of radionuclides into the ecosystem. In general, however, the impact of incidental sources on the basin is negligible.
Areas ofLocal Conmination
Although the current levels of radionuclides in Great Lakes waters are below objectives specified in the Great Lakes Water Quality Agreement, some areas in the basin can be considered radiologically contaminated on a local scale. Contamination at these sites has resulted from nuclear fuel cycle or radionuclide operations.
Port Hope and Port Granby, Lake Ontario. Several sites in the Great Lakes basin have been contaminated as a result of early waste management practices. The most important example is the town of Port Hope, which lies approximately 100 km east of Toronto on the north shore of Lake Ontario. Before its current uranium conversion operations were opened, the town was the site of radium and uranium refining operations and fuel fabrication facilities. In 1983, uranium refining operations were relocated to Blind River, Ontario, and new facilities for UF6 production were constructed. From 25 TBq of 226Ra, most of which was deposited at Port Granby (2) .
Due to the absence of regulations, disposal of radium wastes in Port Hope before 1948 was not well controlled. Many of the waste sites were exposed at the surface, and significant quantities of these wastes were used as fill material for construction and landscaping activities. The main radioactive contaminants are uranium, 230Th, and 226Ra. Wastes that represented an immediate health hazard were removed from residential, commercial, and public buildings during remedial clean-up activities conducted by the AECB during the latter half of the 1970s. These wastes were consolidated at less accessible areas in the town.
Wastes at the Port Granby waste management facility, 16 km west of Port Hope, consist primarily of uranium, 230Th, 226Ra, and their decay products. The total estimated volume is approximately 348,000 m3, with average activities of 0.1 GBq/m3 of 230Th and 0.07 GBq/m3 of 226Ra (8) .
Runoff and groundwater collected in reservoirs are pumped to a water treatment facility north of the burial site. Groundwater flowing from the site to the lake carries about 25 MBq of 226Ra and 25 kg of uranium annually, both of which are diluted at the shore to concentrations that are below drinking water guideline levels (2) .
The contamination of water and sediments in the Port Hope harbor due to the release of liquid wastes from the refinery has resulted in the designation of the harbor as an area of concern by the Great Lakes Water Quality Board. Concentrations Nudear Emergencies Although the probability of occurrence of a severe accident is small, the impact of a nuclear emergency must be considered in a radiologic assessment of the basin environment. It is unlikely that any catastrophic radiologic event would occur for the phases of the fuel cycle that deal with unirradiated fuel. Materials present before placement in the reactor are generally found in nature and have low specific radioactivity. A major accident at a conversion or fuel fabrication facility, while resulting in releases substantially larger than normal, would not yield a significant number of radiologic health effects to the area's population.
Estimation of both the probability and consequence of a severe accident during nuclear power generation is difficult. Estimates for some of the more common events, such as stuck control rods or loss of coolant, are in general relatively low in consequence insofar as individual exposures are concerned. For the less probable but more severe accidents that would result in an uncontrolled release ofvolatile radionudides, the local consequences could be significant in terms of the health, social, or economic implications. However, risk assessments have shown that the probability of causing a given number of fatalities from a nudear accident is orders of magnitude lower than other man-made or natural hazards (10) .
A massive radionuclide release from a reactor beyond the basin could affect the Great Lakes ecosystem as a result of longrange atmospheric transport of airborne radioactivity. The impact of an accident would be dependent on the amount and type of material released, its chemical and biologic behavior in the environment, and the distance of the reactor from human populations. In the case of the 1986 Chernobyl accident, the small contribution to the gross beta activity in the basin is identifiable in Figure 2 only because the weapons fallout activity had decreased to levels that were no longer detectable. Similarly, '37Cs from Chernobyl was identified in milk in 1986 and 1987 because the fallout from weapons testing was almost undetectable (Figure 3) .
Transport, Behavior, and Distribution of Selected Radionuclides
The radiologic impact of a particular radionudide in an ecosystem is a function of its environmental, biologic, and radiologic properties. Environmental availability and behavior are dependent on complex interactions between physical, chemical, and biologic parameters. Radioactive decay results in the depletion of the radionuclide in the environment or body. However, due to the general movement of radionuclides through the biosphere, the effective half-life of a radionuclide in a particular medium may be much less than its radioactive half-life.
The major pathways -by which exposures to specific radionuclides occur are identified as critical pathways. Radionuclides that are in soluble form and chemically analogous to essential nutrient elements will tend to follow pathways similar to their nutrient analogues. As a result, they will be extensively and rapidly transferred through the food chain. For Exposure to environmental 3H occurs primarily through the critical pathway of ingestion, with additional contributions from inhalation and absorption through the skin. Following ingestion, tritiated water is completely absorbed from the gastrointestinal tract and is rapidly distributed throughout the body via the blood. The majority of this amount is removed from the body with a biologic half-life ranging from 2.4 to 18 days, which represents the turnover of body water. The remainder is removed with a half-life of one month to one year, representing the turnover of 3H incorporated in organic compounds (23 (24) and from 9 to 11 Bq/l during 1991 to 1993 (25) . Radioactivity concentrations in community water supplies near all Ontario nuclear reactors ranged from 12 to 35 Bq/l , which are slightly elevated with respect to background levels (26) . By comparison, the proposed Canadian federal guideline for 3H in drinking water has been set at 7000 Bq/l, based on an annual dose of 0.1 mSv and a water consumption rate of 2 1/day (27) (29) . These decreases are occurring at a rate much quicker than that based on radioactive decay alone, and by the turn of the century, 14C levels will not be measurably elevated above natural levels (7). Since the main significance of 14C results from its entry into the global carbon cycle, releases from nuclear reactors in the basin will give a more or less uniform radiation exposure to the world population over a number of generations.
Strontium-90. Strontium-90 has received extensive monitoring in the environment and in human food chains. It decays with a half-life of 29 years through 90Y, which is also radioactive, to form stable 90Zr. Strontium is metabolically similar to calcium, barium, and radium and follows calcium through the food chain from the environment to man. Both 90Sr and calcium are retained largely in the bone. Strontium is produced by nuclear detonations and nuclear power generation. The majority of environmental 90Sr has come from weapons fallout; discharge rates from nuclear reactors are very small and indistinguishable from fallout. The deposition of 905r on land and the transfer to humans by ingestion of contaminated food is the most important exposure pathway. Significant transfer occurs via the air-vegetation-livestock-milk pathway. Of less importance are the aquatic pathways, and contributions from drinking water are always less than 5% of the total ingestion intake (23) . Upon ingestion, absorption of 90Sr by the body is relatively high. The mean residence time in bone tissue ranges from 3.4 to 6.7 years.
Mean activities of 90Sr in the Great Lakes during 1981 to 1982 ranged from 15 mEq/l in Lake Superior to 29 mBq/l in Lake Ontario (1 Cesium-137. Cesium-137 is one of the more important fission products due to its relatively high yield and its ability to bioconcentrate in some food chains. It has a radioactive half-life of 30.17 years and is produced in nuclear explosions with a 137Cs/90Sr ratio of 1.6. Cesium-137 is released during normal reactor operations primarily in aqueous effluent. As in the case of 90Sr, weapons fallout over land is the most important source as far as committed doses to man are concerned. On land, it is strongly affixed to soil, which limits both its downward mobility and its availability for root uptake in plants. Fixation by sediments in aquatic environments is similar to soil and reduces its concentration in the water column. Direct atmospheric deposition is the primary mode of contamination for vegetation.
Cesium-137 metabolically resembles potassium and is bioconcentrated in a number of food chains including the air-vegetation-livestock chain, the air-lichen-caribou chain, and the freshwater-fish chain. The main contributions to dietary intake are grains, meat, and milk. Cesium-137 ingested by man is readily absorbed and becomes uniformly distributed in soft tissues, with minimal uptake by bone tissue. The biologic half-life of 137Cs is a function of age and sex, with a representative retention rate of 110 days for 90% of the body burden (23) .
Measurements of 137Cs in milk samples
around Bruce generating station on Lake Huron do not show levels elevated above the national average. Concentrations of 137Cs measured in surface waters of the Great Lakes averaged about 0.5 mBq/l in 1992 (6) . No enhancement in concentration was observed in the vicinity of reactor installations. Removal times of 137Cs from the Great Lakes are less than 1 year, with a longer component of 5 to 20 years, suggesting re-entry into the water column from sediments (30) . Great Lakes fish were found to contain concentrations of 137Cs several thousand times higher than in ambient water (2, 30) .
Radium-226. Radium-226 occurs naturally in soils as a decay product of the 238U series. It decays with a half-life of 1600 years to form 222Rn. Uptake in food is the major pathway into the body. The contribution of drinking water to total intake is small when supplies are drawn from surface water, which typically display a narrow range of concentrations. Concentrations in groundwater sources, however, are highly variable and result mainly from the interaction between the groundwater aquifer and radium-bearing materials such as rock, soil, and ore deposits. When taken into the body, its metabolic behavior is similar to calcium, and an appreciable fraction is deposited in bone. The remainder is distributed more or less equally in soft tissues. Following the decay of 226Ra to 222Rn in bone, approximately 70% of 222Rn diffuses to the blood and is exhaled (3). Radium-226 concentrations in water samples measured at various sites across Canada between 1981 and 1984 ranged from about 1 to 13 mBq/l (24) . Radium levels in water samples from Port Hope, Ontario, and Regina, Saskatchewan, averaged less than 5 mBq/l in 1988. Levels recorded during the same period in Elliot Lake, Ontario, ranged from 8 to 18 mBq/l (6) . Radium levels measured in selected fruits and vegetables from Port Hope ranged from 0.04 to 40 Bq/kg (32) . In general, higher levels of 226Ra can be expected in areas containing uranium mining and milling operations or where rock containing high concentrations of the natural radionuclides is in contact with water.
Radon-222. Radon-222 is a chemically inert gas with a radioactive half-life of 3.82 days which is produced through the decay of 226Ra. Its decay products form a series of short-lived radionuclides that decay within hours to 210Pb (t112 = 22 years). The principal dose is to the lung due to the inhalation and accumulation within the respiratory system of the short-lived decay products attached to inert dust normally present in the atmosphere. The radiation dose following inhalation constitutes the main portion of the natural radiation dose to man. Ra-226 in the earth's crust is the major source of 222Rn. Although most of the radon produced in soil is retained in the earth where it decays, a small portion diffuses into the air. Indoor radon results from emanation of the gas from the soil under buildings and from water, building materials, and domestic gas. Enhanced levels are also found in the vicinity of uranium mine, mill, and tailings operations, and less importantly, in the vicinity of phosphate industrial operations.
A substantial body of literature exists on the risks associated with radon exposure. Miners of uranium and other minerals occupationally exposed to radon decay products are known to have been at increased risk for lung cancer under past conditions of exposure. Because radon gas is also naturally found in indoor air, questions about the potential lung cancer risks as a consequence on residential exposure have been raised. These studies have yielded conflicting results in terms of correlations between risk and residential exposures, which are typically much less than occupational exposures.
A rigorous case-control study on the risk of lung cancer from radon in indoor air was conducted in Winnipeg, Canada, between 1983 and 1990 (33). Winnipeg was chosen as a study site because it has indoor radon levels that are elevated with respect to other Canadian cities, including those in the Great Lakes basin. The study consisted of 738 individuals with confirmed primary lung cancer and 738 controls matched on age and sex. Radon dosimeters were place in all residences in which the study subjects had reported living in within the Winnipeg metropolitan area for at least 1 year. After adjusting for cigarette smoking and education, no increase in relative risk for any lung cancers was observed among the identified cases in relation to cumulative exposure to radon. Although there are areas within the basin in which radon concentrations are slightly higher than the mean concentrations in Canada and the United States (34 Bq/m3 and 46 Bq/m3, respectively), there are no regions of abnormally high concentrations that would lead to health implications (4, 34, 35) .
Uranium. Uranium normally found in nature consists of three long-lived isotopes of mass numbers 234, 235, and 238, with half-lives of 2.45 x 105, 7 .04 x 108, and 4.47xi09 years, respectively. Uranium-238 accounts for 99.28% by weight of natural uranium and is usually in equilibrium with 234U in soils. Uranium-238 and 235U are, respectively, the parent radionuclides of the uranium and actinium radioactive decay series. Both 226Ra and 222RRn are part of the uranium decay series.
Uranium is both chemically and radiologicly toxic. In general, chemical damage to the kidneys following acute ingestion of natural uranium is more important than radiation damage; radiation injury becomes more important if exposure occurs as a result of chronic ingestion or inhalation. Inhaled uranium compounds may be retained in the lungs or transferred to other parts of the body where they become incorporated in bone tissue (31) . Decay Effects other than cancer, such as neurologic, developmental, and immunologic damage, have been observed only at extremely high doses of radiation and are generally assumed to be threshold effects. There is no substantial evidence to support the occurrence of health effects other than the increased risk of cancer in individuals exposed to low levels of radiation. These effects will therefore not be considered further.
Having established the coefficient of risk to be used in the assessment, the total, or collective, dose received by the exposed populations from the various radiation sources can now be estimated. The collective dose allows an assessment of detriment in terms of a predicted number of health effects that may occur in the total exposed population. It is obtained by multiplying the average effective dose by the number of people exposed. For example, an average effective dose of 2.6 mSv/year from natural background radiation will result in a collective dose of 9.36 x 104 man Sv/year to the basin population of 36 million. Once the collective dose has been evaluated, the number of health effects theoretically attributable to the exposure can be estimated using the derived lifetime risk coefficient.
Collective doses to local and regional populations from nuclear fuel cycle activities must be evaluated from environmental exposure models since the radioactivity concentrations resulting from fuel cycle effluent are very low in environmental samples. Using UNSCEAR model values for collective doses per unit release of specific radionuclides from typical facilities, doses in the basin can be estimated from measured emission data. Collective doses from mining and milling facilities are based on radon releases from uranium mines in the Elliot Lake area; doses from reactor operations are derived from the measured emissions for all reactors in the Great Lakes basin (4). Doses for conversion facilities are minor and are therefore taken directly from UNSCEAR values normalized to global energy production. A factor of 0.5 was applied to all collective doses to account for the smaller population density around the basin as compared to that used in the UNSCEAR models.
In addition to the collective dose for the entire exposed population, the impact of anthropogenic sources is also assessed in terms of the dose to the maximally exposed or critical group. The critical group dose provides an indication of the greatest detriment that may occur to those individuals who live near a facility, and who derive all their food and water from local supplies.
Estimates of critical group and collective doses for the various natural and anthropogenic sources are shown in Table 5 . The greatest contribution to total exposure, in terms of both individual and collective dose, comes from natural background radiation. Of significantly less importance is the dose resulting from nuclear weapons fallout. The average fallout dose to an individual is based on an incomplete dose to the year 2050 for radionuclide deposition in the North Temperate Zone, which provides a measure of the total radiation hazard from fallout presented to those living during the period of intensive atmospheric weapons testing before 1963. It is expressed as an integrated dose rather than an annual dose rate since most of the exposure from weapons fallout has already been received, and the dose from several other fallout radionuclides will have largely been completed by the end of the decade.
Estimated doses to individuals in the critical group from fuel cycle operations occur in the vicinity of operating mines and are approximately 0.6 mSv/year (14) ; although these estimated doses are below the ICRP dose limit of 1 mSv/year, they are nevertheless a significant fraction of this limit. The maximum allowable dose to critical groups in the vicinity of nuclear reactors is 0.05 mSv/year based on the design objective imposed by the AECB for public exposure at the boundary of Canadian nuclear generating stations. Actual estimated doses to the most exposed individuals in the vicinity of CANDU reactors based on Ontario Hydro monitoring programs were in the range of 0.01 to 0.04 mSv/year between 1991 and 1993 (41) . Collective doses derived from measured emissions are several orders of magnitude less than that from natural background radiation and are due mainly to radon releases from mining activities and tritium and 14C discharged by heavy water reactors.
Also shown in Table 5 are estimates of collective dose and risk committed by 50 (14) ; fMaximum dose for conversion from Health Canada estitnates; from Ahier and Tracy (20) . UMaximum dose for the reactors based on Ontario Hydro estimates; from Ontario Hydro (41 These numbers are hypothetical values based on conservative exposure models, rather than predictions of actual effects from either natural or artificial sources. However, they show that the impact in the basin from man-made sources are very small compared to the effects of normal background radiation.
The risks associated with a severe nuclear emergency are more difficult to predict. Although the probability of a severe accident has been shown to be extremely small, serious health effects could occur near the accident site if a massive release of radioactivity resulted from a breach in the reactor containment. Long-range transport and dispersion of the radioactive plume could result in the exposure of many people to marginally or significantly elevated levels of radiation. Additional future deaths due to cancer could occur as a result of increased collective doses. However, due to the engineered safeguards in North American reactors, it is expected that the social and economic consequences of an accident would predominate over actual health effects.
Concentrations of important radionuclides in Great Lakes waters that would result in a 50-year committed effective dose equal to the proposed Canadian federal drinking water guideline of 0.1 mSv from a single year's consumption of drinking water (730 1) are shown in Table 6 (27) (2) .
"Uranium concentration given in micrograms per liter; the guideline concentration corresponds to approximately 4 Bq/l and the limit based on chemical toxicity is 100 pg/I. 
Conclusions
The human population within the Great Lakes basin is continuously exposed to ionizing radiation in the environment from both natural and anthropogenic sources. The greatest contribution to total exposure is the natural background radiation that originates from both cosmic and terrestrial sources and results in an average dose of about 2.6 mSv/year to every resident of the basin. Global fallout from weapons tests has resulted in the largest input of anthropogenic radioactivity into the lakes, although the moratorium on atmospheric detonations has resulted in declining levels since the mid-1960s. The total committed dose to the year 2050 to an average individual in the basin from all weapons tests has been estimated to be about 1.9 mSv. The small but routine input from the large number of facilities comprising the nuclear fuel cycle is of increasing importance. Almost every stage of the fuel cycle is active in the basin, including mining, conversion, power generation, and waste management. Although the potential exists for a serious accident resulting from the large inventories of radionuclides contained in the reactor core and spent fuel bays, the probability of a such an occurrence is extremely small because of strict design and operational regulations. Serious accidents outside of the basin may also impact on local ecosystems as a result of long-range atmospheric transport of radioactive plumes. An area of importance over the next few decades will be the management of the substantial amounts of high-level wastes generated by the many reactors in the basin.
